Different types of crystalline carbon nanomaterials were used to reinforce polyaniline (PAni) for use in electromechanical bilayer bending actuators. The objective is to analyze how the structural properties of the nanocarbons affect the in-situ produced PAni structure and subsequent final composite actuator behavior. Nanocarbons investigated were multiwalled carbon nanotubes, nitrogen-doped carbon nanotubes, helical-ribbon carbon nanofibers and graphene oxide, each one presenting different shape and structural characteristics. Films of nanocarbon-PAni composite were tested in a liquid electrolyte cell system. Experimental design was used to select type of nanocarbon filler and composite loadings that showed a good balance of electromechanical properties. Raman spectroscopy suggests good interaction between PAni and the nanocarbon fillers.
Introduction
Among the many applications of carbon nanostructures, its use as a filler in polymer composites is the application with higher potential. Particularly, carbon nanotubes (CNT), first identified by Iijima in 1991 [1] were rapidly recognized as reinforcements for high performance, multifunctional composites due to their exceptional properties such as excellent Young´s modulus, good flexibility, and high electrical and thermal conductivity [2] [3] [4] . These properties are attained due to is singular structure, which consists on a layer of graphene roll-up in a cylinder, with either i) 1 layer, yielding single wall carbon nanotubes (SWCNT), with diameters around 2 nm and several microns long, or ii) several concentric cylinders, yielding multiwall carbon nanotubes (MWCNT), with diameters commonly between 5 and 50 nm, and also several microns long. Graphene basal plane is parallel to CNT axis, and then its surface is nonpolar with high contribution of dispersive energy component, indicative of tendency of self-agglomeration. To give more polar character and give different electronic properties, different alternative synthesis methods where develop to include heteroatoms in the honeycomb lattice crystalline network, like nitrogen doped carbon nanotubes (CNx). CNx present a similar structure to MWCNT, although with periodic closed cups along the axis, also called bamboo CNT [5] . Despite of other high energy synthesis methods, CNTs can be produced massively by catalytic chemical vapor deposition (CVD) of hydrocarbons over a transition metal at elemental state.
Carbon nanofibers (CNF) are crystalline graphitic filaments with diameters below 100 nm, where the orientation of graphene layers with respect the filament axis is different to CNTs [6] , and then the nanofiber surface consist on edges of the graphene layers, presenting a different and more reactive character than CNTs. Among different structures of CNFs, helical-ribbon carbon nanofibers [7] are produced massively and commercialized by different companies. Its structure consist on a few layer graphene ribbon forming an helical structure along the axis, as though it were stacked cups, leaving a huge hollow core, with typical nanofiber diameters between 40 and 80 nm.
Currently, the best choice for using graphene in polymer composites is graphene oxide (GO), since i) it can be produced at industrial scale, ii) the yield is high and allow a reasonable cost, and iii) there is high yield in single layers keeping high dimensions of microns. In addition, GO is much more interesting for composites than other graphene forms due to its extraordinary hydrophilicity caused by functional groups based on oxygen, have also showed similar or better characteristics than CNT as fillers in composites. Several reviews [8] [9] [10] [11] [12] highlight advances in the field of polymer-carbon nanostructures composites.
In this work we focus on polyaniline (PAni) composites, and their application for electromechanical actuators. PAni is unique among conducting polymers since its electronic structure and electrical properties can be reversibly controlled by chargetransfer doping and by protonation [13] . It can be processed in both the insulating emeraldine base (EB) form [14] and in the conducting emeraldine salt (ES) form [15] (σ<10 -10 S/cm and σ>1 S/cm, respectively [16] ). Recently, bulk production of PAni has been reported via interfacial polymerization, a chemical oxidative polymerization of aniline at organic-aqueous acid interphase [17] [18] [19] .
The mechanical properties of PAni however are poor, requiring reinforcement with other materials, where carbon nanostructures are of interest since they can enhance conductivity in addition to the improvement of the mechanical properties. Several studies about CNT [20] [21] [22] [23] [24] [25] [26] [27] and graphene oxide [28] [29] [30] , for electrical and mechanical reinforcement for PAni exist, but there have been few reports on their effect in PAni-actuators [31] [32] [33] . Carbon nanofillers in PAni actuators can eliminate the need of conductive metallic thin layers on actuator surfaces to increment their electrical conductivity. For example, Mottaghitalab et al [31] found that 1% of SWCNT increase the electrical conductivity 20 times and also duplicate the Young modulus of composite fiber actuators. However, the maximum strain decreased from 4.6 to 2.7% due to increased stiffness. Spinks et al [32] have also reported that CNT reinforcement in PAni-actuators improves their mechanical and electrical properties although in detriment of elongation.
PAni is attractive for artificial muscles, and other actuator applications, due to its shape variation in response to an electric field in a protic electrolyte [34] [35] [36] [37] [38] [39] . PAni elongates when it passes from its reduced form (leucoemeraldine salt form) to a semi-oxidized conductive form (emeraldine salt) at about 0.3 V, and can expand more at about 0.9 V when PAni is totally oxidized (pernigraniline salt form). At each oxidation step, the anions are inserted into the polymer chains, producing expansion. On the other hand, when PAni is reduced and the anions expulsed, it results in a contraction of the polymer.
Several reports show that PAni in its pernigraniline form results in mechanically unstable actuators [16, 37, 40] . As a consequence, actuation probes should only operate from leucoemeraldine to emeraldine salt form (first oxidation peak), although Smela et al [37] .
report that the use of methanosulfonic acid (MSA), or other dopant similar acids, could decrease mechanical damage on actuators in pernigraniline salt form.
PAni based bending actuators are usually assembled though a PAni film adhered to a nonexpandable, flexible, inert film, regularly cellophane [34, 41, 42] . A thin gold layer is commonly desposited on one side of the film actuators in order to decrease the intrinsic resistivity along them [35, 37] . One potential advantage of using nanocarbons in PAni is the possibility of eliminating the need for this film. The PAni actuator elongation varies from about 0.5 to 2.5% and the working cycles of devices varied from 100 to 5000 (the higher limit attained only under controlled conditions).
MWCNT-PAni composite actuators have been studied the most; in this work we compared them to actuators with nitrogen-doped carbon nanotubes (CNx), helical-ribbon carbon nanofibers (HR-CNF) and graphene oxide (GO) nanoplatelets. In CNx, nitrogen replaces carbon atoms in the graphene sheets, making them more reactive than undoped MWCNTs, which could improve interactions with the PAni matrix [43] [44] [45] . HR-CNFs have a much more reactive surface due to the edges exposed along the fiber, which allows good dispersions in polymeric matrices [46] [47] . The chemical exfoliation of helical ribbon-carbon nanofibers (HR-CNF) can produce single-layer GO [48] , which we also used to compare which nanofiller gave the best PAni-composite actuator performance.
Experimental

Materials
Aniline ([C6H7N] 97%, Sigma-Aldrich) and toluene (ACS reagent, Sigma-Aldrich) were used as received. Ammonium persulfate, APS, [(NH4)2S2O8 97%, Sigma-Aldrich] was used as polymerization oxidant. Hydrochloric acid (ACS reagent, 37%, Sigma-Aldrich) and methane sulfonic acid (MSA, ≥99.5%, Sigma-Aldrich) were used as PAni-dopants and electrolytes. Methanol (ACS reagent, 99.8%, Sigma-Aldrich) was used to remove unreacted aniline and byproducts from the PAni composite.
MWCNTs were produced in-house by CVD method described elsewhere [49] . Basically, a 2.5 wt% ferrocene in toluene liquid solution is vaporized and entrained with an argon flow of 2.5 L/min to a quartz tubular reactor a constant temperature of 800°C for 30 min.
MWCNTs were purified by dispersing them with a pulsed probe sonicator in water, followed by reflux in HCl (6 M) and finally are filtrated to remove metal catalyst and amorphous carbon, based on the method of Alvizo-Paez et al [5] . MWCNTs present an average of 15-30 nm of diameter and tenths of microns long. CNx were produced following the same equipment and procedure for MWCNT, but using benzylamine instead of toluene, and it is fully described elsewhere [50] . CNx present similar dimensions to MWCNTs. Commercial grade HR-CNF were kindly supplied by Grupo Antolin (Burgos, Spain), who produces and commercialized these nanofibers through the trade mark GANF, and their structure and properties are fully described elsewhere [31, 41] . HR-CNF present an average of 40-60 nm diameters and 10-15 microns long, although they were nested since they were produced in a floating catalyst reactor. GO was produced in house staring from GANF following a modified Hummers and Offemann method, basically a KMnO4 treatment in concentrated H2SO4, following Varela-Rizo et al [48] procedure. There is high yield in monolayered graphene sheets, with lateral size of 0.2 to 1 μm.
General Composite Synthesis Procedure
PAni-composites were synthetized in-situ by interfacial polymerization, which requires the organic phase containing the monomer (1.95 mL of aniline in 50 mL of toluene) and the aqueous phase with the oxidant and an acid [15] [16] [17] After polymerization, the composites were collected over 0.45 μm pore size membranes under vacuum filtration, and washed with 150 mL of methanol. Finally, the composites were dedoped with 60 mL of 0.2 M NaOH, and further washed three times with 30 mL distilled water, yielding neutral eluate portions at the end.
Preparation of Bending Actuators
Dedoped PAni-composites were dissolved in N-methyl-pyrrolidone (NMP) at 10% w/v ratio, then casted on a glass surface, and finally dried at 70º C in a vacuum furnace. Composite film strips (about 40 μm thickness, 1.6 X 20 mm, in the redoped form) were tested by thermo-mechanical analysys (TMA) at 0.1 N (tension), 5ºC/min, 35-450ºC using a TA Instruments Q400.
Results and discussion
The average polymeric yields when synthesizing neat PAni was 49% and 47.7%, using HCl and MSA (1 M) as dopants, respectively. HCl was chosen for subsequent production of all the nanocarbon composites. Left column images of figure 2 shows the SEM micrographs of as produced PAni based composites, which present a nanofibrilar structure, as expected [15] [16] [17] , which is more defined for HR-CNF and GO, figure 2(i) and figure 2(m) micrograph, respectively. Next column shows the SEM images of processed composite casted films, showing differences in rugosity depending on the nanofiller, presenting HR-CNF and GO composites the smoother surface, and CNx based one the more wavy texture. Last two columns show the TEM images, to observe dispersion over one square micron areas (third column), and higher magnification to observe the interface (fourth column).
MWCNTs ( figure 2(a-d) ) showed good filler dispersion. Contrary to it was expected, big agglomerates are observed in processed CNx-PAni composites ( figure 2(e-h) ), which may indicate that i) in NMP solutions the doped nanotubes segregate from the PAni matrix more than other nanofillers, or ii) the CNx dispersion in the aqueous phase, prior to the polymerization, was not stable enough. Although HR-CNF showed the worst dispersion in the as-synthesized composites ( figure 2(k, l) ), their composite films showed the smoothest surface ( figure 2(j) ), probably because processed CNF had a low aspect ratio which allowed a good NMP penetration in all PAni regions. The best dispersion of nanofillers was observed in PAni-GO composites ( figure 2(m-p) ), the GO dispersion attained was the best, with isolated GO flakes in the PAni matrix frequently observed (figure 2(p)), and only scarce and small agglomerates of GO. Figure 6 shows the results of the thermomechanical characterization of neat PAni and the corresponding composites. The largest deformation (50-60%) was attained in the interval from 140 to 230°C which is related to the glass transition (TG) of NMP-plastified PAni (reported to occur between 100-220° [53, 54] ). The highest resistance to rupture was observed for 3.3% MWCNT composites, which did not break up to 350 ºC, showing strains of up to 60%. In general the 3.3 % nanocarbon composites shows better reinforcement than the 1.1ones. In the case of CNx, the reproducibility was not satisfactory, indicative of a bad dispersion problems (as shown in TEM images, figure   2(f-g) ), while the reproducibility was good for HR-CNF and GO. The electrical conductivity of PAni composite films (shown in Table 1 ) was not significantly higher than that of neat PAni, except in the case of GO filler, which almost duplicated its value (from ~4.8 to ~8.3 S/cm). Despite of their low conductivity (about 10 -4 S/cm), its oxygenated chemical groups have been reported to contribute to doping PAni increasing its electrical conductivity [23] (see figure 7 ). Probably, a better level of dispersion of nanotubes and nanofibers could be required. In any case, the filler effect was more evident in actuation testing.
Characterization of composite actuators
The bending actuator screening tests showed that the largest flexion was reached with composites of 1.1% MWCNT-PAni and 3.3% GO-PAni. In the case of MWCNT ones, their intrinsic high electrical conductivity allows bending at a lower actuation voltage (3.0 V while other composites had optimal actuation at 5V) and a faster response time of about Some studies of PAni bending actuators [34, 35] show a higher number of working cycles, but in more idealized conditions, with a three electrode cell potentiostat system, a degassed electrolyte, and limiting the potential to ~0.9 V, which corresponds to the first oxidation point (from reduced leucoemeraldine salt to partially oxidized emeraldine salt, without reaching the completely oxidized pernigraniline state) thus limiting the extent of actuation. We consider that the simpler two cell electrode setup we used, without degasssing the electrolyte and using voltages reaching the second oxidation point, is a more realistic test. By systematically studying the effect of filler loading under the same test conditions for all the bilayer actuators using experimental design, we can chose the nanocarbon loading and operating voltage that should produce the best electromechanical behavior.
For practical applications the number of working cycles can be more important than the bending angle and bending velocity, balancing all three variables the mathematical model obtained from the experimental design predicts an optimal loading of 1. 
Conclusions
Of the four types of nanocarbons (MWCNT, CNx, HR-CNF and GO) as fillers in PAni composites, GO and MWCNT gave better results regarding both dispersion and electrical conductivity. These fillers also worked better in actuation probes of bending strips while HR-CNF did not enhance any effect, and CNx even decremented performance. Further optimization by experimental design showed that MWCNT-PAni actuators were overall better than GO composites in bending angle, bending velocity and working cycles. These results let us know how different types of carbon nanostructures can interact (under the same experimental conditions) with PAni in actuation applications. Future work could extend to actuators based in other types of electroactive polymers.
